In this article, we have developed a simple model that describes the adsorption of polymer chains from a solution having a good solvent onto a reactive surface of varying curvatures. In order to evaluate the impact of particle size on the adsorption process, we have probed the adsorption of poly(methyl methacrylate) (PMMA) on aluminum oxide (Al 2 O 3 ) surfaces belonging to particles of different sizes. The basic approach assumed that the details of the chemisorption mechanism of PMMA on aluminum oxide surfaces are independent of surface curvature. The combination of the experimental results with the theoretical approach that we have developed show the existence of three different regimes of adsorption of polymer chains onto the surfaces of metal nanoparticles.
Introduction
The adsorption of polymers on metallic or metal oxide nanoparticles plays a major role in the control of particle size during polymer-mediated particle synthesis [1] [2] [3] [4] [5] [6] and on the characteristics of the particle suspensions in the polymer solutions. [1] [2] [3] [4] [5] [6] [7] The adsorbed polymer chains act as a steric and hydrophobic barrier that prevents the aggregation of the metallic clusters beyond an equilibrium size, thus imparting a stabilizing effect on the particle suspension. The extensive, available experimental data regarding the adsorption of polymers on both flat metallic surfaces and on metallic particles can be used to test the various theories that have been developed in this regard [8] [9] [10] [11] [12] and to extend the understanding of the polymer adsorption issues to different types of surfaces that differ both in their chemical nature and in their degree of curvature. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] One of the theories regarding the adsorption of long polymer chains on flat surfaces which was suggested by deGennes uses scaling arguments. [23] [24] [25] Mean field calculations were used to extend the solution to this scenario for very small or very large particles and for a finite length of polymers. Molecular dynamics (MD) simulations have given qualitative results for short polymers adsorbed on surfaces. Further, thermodynamic calculations have shown that there is a substantial difference between the adsorption of polymer chains on a surface curved into the bulk of the polymer solution (convex surface) and that curved away from it (concave surface). [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] An analytical model of an adsorption process from an ideal polymer solution on large metallic particles has been supported by experimental results and has shown good agreement with these results. 1, 7, [41] [42] [43] In this Article, we have developed a simple model that is based on scaling arguments to give a solution for the polymer adsorption from a good solvent for a complete range of particle sizes. In order to highlight the specific role that the size of the adsorbing particle imparts on the extent of polymer adsorption, we have limited ourselves to one type of polymer and followed its adsorption on surfaces that differed only in the magnitude of their curvature, that is, from flat surfaces to very small particles consisting of the same chemical makeup. Specifically, we have probed the adsorption of poly(methyl methacrylate) (PMMA), of various molecular weights, on aluminum oxide (Al 2 O 3 ) surfaces belonging to particles of different sizes and length scales. [19] [20] [21] [22] The mechanism of reactive adsorption, that is, chemisorption, in this case, is well-understood and welldocumented and results in the formation of a coordination bond between the methyl methacrylate (MMA) segments and Al +3 sites on the surface. The fundamental premise of our approach was that the details of the chemistry concerning the reactive, segment-level adsorption mechanism of PMMA on aluminum oxide surfaces are independent of surface curvature since the segment-level dimension (the size of the MMA segment is ∼0.5 nm) is at least 1 order of magnitude smaller than the size of the smallest particles probed. Therefore, the variations of the amount of polymer adsorbed and the density of contact points between the polymer and the surface of the particles must be a result of the variations in particle sizes, that is, of surface curvature. Our work incorporates results obtained from adsorption experiments into the scaling model that we have developed and, thus, probes the validity of the model and its predictive capability. 3 ) was introduced into a 500 mL Erlenmeyer flask, which was placed on a Thermolyne Mirak stirring hotplate with the temperature set to 70°C. A magnetic stirrer was dropped into the flask and began spinning at the preset speed of 200 RPM. An amount of 32.48 g of poly(methyl methacrylate), PMMA, (Aldrich Chemical Co., Inc., M h w of 330 000 g/mol, density 1.170 g/cm 3 ) was poured into the flask to form a 1.175 wt % PMMA solution. After the polymer was completely dissolved, the stirrer was removed. Next, 0.50 grams of alumina (Al 2 O 3 ) nanoparticles (Nanophase Technologies, D avg ) 39 nm, density 1.77 g/cm 3 ) was measured and kept in weighing paper. The flask was agitated on a Scientific Industries Vortex-2 Genie vortex with a setting of 8-10. While the mixture was swirling continuously, the alumina was slowly poured into the flask. Mixing continued for 5 min. The flask was covered with laboratory film and stored in a fume hood for 24 h. Similar experiments were performed with PMMA (Alfa Aesar) of other molecular weights, that is, M h w ) 60 000, 120 000, or 250 000 g/mol, (first one with PDI ) 1.04 and the last two with PDI ) 1.12), and other sizes of the alumina particles, that is, D avg ) 4, 97, 400 nm. Pure PMMA reference samples were created using 32.48 g of PMMA in 110 mL of chlorobenzene.
Experimental Section
Experiments on flat alumina surfaces were performed by first depositing a 1000 Å layer of aluminum onto previously washed Si wafers by electron beam evaporation, using an instrument equipped with a multisample holder mounted on a rotating carriage to ensure even deposition. The thickness of the metal film was measured with a quartz crystal monitor. Immediately upon removal from the evaporator, the freshly prepared aluminum substrates were immersed in a 1.175 wt % chlorobenzene solution of PMMA. The time lapse from the opening of the sample holder of the evaporator and the complete immersion of the samples in the PMMA solution was, on the average, less than 10 min. This allowed the formation of an amorphous native oxide layer on the aluminum surface. 20, 22 The PMMA solutions with the immersed metal oxide substrates were left in the PMMA solution under inert atmosphere and at room temperature for 24 h. Excess, unadsorbed PMMA was removed by repeated washing with chlorobenzene to generate a stable, chemisorbed PMMA film.
Characterization of Alumina Particle
Size. Transmission electron microscopy (TEM) was used to determine the size and distribution of original particles for all polymer nanocomposite systems. TEM samples were obtained by placing a small droplet of the reacted solution containing the polymer-coated metal oxide particles onto a Formvar coated copper TEM grid from Ted Pella. The grid rested on a thin piece of tissue paper so that the liquid would drain into the paper, leaving a very thin film on the grid itself. The TEM analysis was performed on a JEOL 4000EX high-resolution electron microscope with an operating voltage of 200 keV.
Characterization of the Adsorbed Polymer
Layer. Thermo gravimetric analysis (TGA) was conducted to measure the thickness of the polymer interphase. TGA samples were prepared by centrifuging each of the polymer nanocomposite mixtures using Fisher Scientific Centrific Model 228 centrifuge at 10 000-15 000 RPM for 12-17 min. The capped particles formed a solid mass at the bottom of the vial, and excess polymer and solvent solution were removed. The remaining particles were washed with solvent, and the vial was shaken using a Scientific Industries Vortex-2 Genie vortex for 1 min to remove any excess unbound polymer from the particles. The suspension was centrifuged again, and this process was repeated 3-4 times. The particles were placed onto a TGA platinum pan, and the data were collected using a TA Instruments Inc. TGA Model 50 at a ramp rate of 10°C/min to 600°C.
FTIR was used to identify the bonding between the polymer chains and nanoparticles in the various Al 2 O 3 -PMMA nanocomposite systems that we explored. The sample cell was placed inside a Nicolet Instrument Corporation Nexus 870 FT-IR spectrometer sample compartment, and after the latter was sealed and purged for at least 15 min, background spectra were taken and assigned for use on subsequent spectra acquisitions. The vials containing the centrifuged capped particles were shaken using a Scientific Industries Vortex-2 Genie vortex to initiate their resuspension in a hydrocarbon solvent. Using Nicolet OMNIC 5.2a software, the spectra of the capped metal oxide particles were compared against previously recorded spectra of PMMA solutions or PMMA thin films to highlight peaks that are unique to the capped particles.
Determination of polymer layer thickness was performed using a J. A. Woollam Co. Inc. variable-angle spectroscopic ellipsometer (VASE). Prior to the adsorption process, the optical parameters of the bare metal oxide layer and the refractive index of a spin-coated (nonadsorbing) PMMA film were determined. The PMMA film thickness at various different points on the substrate and for two different angles of incidence was determined to be ∼87 ( 8 Å. The film was thin enough to see the photoemission signal and/or avoid distortions of the vibrational band shapes that depend on the thickness and refractive index of the sample.
Calculation of Anchoring Density.
The number of chains in the sample is given by the following expression where M sample is the mass of the sample, w polymer is the mass fraction of polymer as determined from TGA data, and M h w is the weight-average molecular weight of the polymer. Similarly, TGA data were used to calculate the number of oxide clusters in the sample according to the following expression where w cluster is the mass fraction of the alumina clusters as determined from TGA measurements, d is the density of the alumina nanoclusters, and D cluster is the average diameter of the alumina clusters as determined from TEM measurements.
The first step in the bonding process between the PMMA chain segments and Al 2 O 3 nanoparticles is the hydration of the alumina cluster to form a monolayer of oxy-hydroxide surface groups [19] [20] [21] [22] 44 In the second step, the presence of the OH group on the nanoparticle surface facilitates hydrolysis of the PMMA ester group to produce either a COOH acid group or its conjugate COO -base group, according to the following reaction [19] [20] [21] [22] The COO -group directly interacts with the positively charged Al(III) atoms to generate a bond between the polymer segment and the aluminum oxide nanoparticle surface. 20, 22 This bonded segment is an anchoring point for the PMMA chain.
The changes in the infrared spectra of PMMA resulting from its interactions with the oxide surface are shown in Figure 1 . The decrease in the absorbance of the 2950 cm -1 peak corresponds to the hydrolysis of some of the methoxy groups in adsorbed PMMA, as indicated in the first reaction of eq 2. The second and third reactions of eq 2 are characterized by a relative increase of the 1687 cm -1 peak, corresponding to the asymmetric stretch of the COO -group, 20, 22 as compared to the 1734 cm -1 carbonyl peak for the adsorbed PMMA. Hence, the ratio (COO -/CdO) ) (E 1687 /E 1734 ) provides the relative concentration of the reacted COO -group. 20, 22, 45 The reactive adsorption of PMMA on the surface of the metal oxide nanoparticles through direct bonding of segments requires a change in the conformation of the polymer. 20, 22, 45 These conformation rearrangements in the polymer generate a reversal of the relative intensities of the 1156 and 1171 cm -1 infrared absorption bands, corresponding to the cooperative symmetric and asymmetric stretches of the C-O and C-C bonds of the polymer backbone. The ratio of these two bands indicates the proportion of polymer segments that experience the conformational changes indicative of the bonding process. The total number of PMMA carboxylate groups that have undergone hydrolysis and have anchored to the surface can be calculated from the ratio of the fraction of the segments containing the bonding group (COO -) experiencing the conformational change multiplied by the total number of monomers in the sample. Dividing this by the total number of chains gives the number of anchoring points per chain 20, 22, 45 The density of the chains adsorbed on the surface of the aluminum oxide nanoclusters, η, is given by Combining eqs 5 and 6 gives the density of anchoring points per unit area of oxide nanocluster surface (in units of nm 2 ), σ.
The Model
In order to simplify the calculations, we have relied on the following assumptions: (a) The solvent in the system is a good solvent for the polymer; (b) the polymer chains adsorb to metallic particles with spherical geometry, irrespective of their size; (c) the concentration of the bulk polymer solution is in the dilute/semidilute regime; (d) the polymer is a linear and flexible chain and exhibits a random coil conformation in the good solvent; and (e) the monomer adsorption energy, δ, is smaller than the thermal energy, or if we normalize the adsorption energy by the thermal energy k B T (where k B is the Boltzmann constant and T is the absolute temperature), we get δ , 1. This is the weak adsorption assumption. [22] [23] [24] [25] A schematic description of the adsorption process is sketched in Figure 2 . The polymers next to the surface form an adsorption layer with a typical width L. As a consequence of the weak adsorption, the coverage of the surface by monomers is low, and the solution next to the adsorbing surface is in the semidilute region.
Polymer adsorption on surfaces is a process that is determined by two competing processes. The first is the contraction of monomers to the surface due to the adsorption interaction of the monomers with the surface. The second is the entropic repulsion between the monomers that are confined to the surface vicinity. The first process is determined directly by the adsorption constant. The second process is modeled based on an equivalence hypothesis between the adsorption process to a surrogate problem of a polymer solution confined between two desorbing boundaries. [23] [24] [25] The resulting free energy in the adsorption layer (normalized by the thermal energy) is F c ) E con -N c δ, where N c is the total number of monomers adsorbed onto the surface and E con is the confinement energy.
We now want to examine the geometric properties of the above expression for the free energy in the adsorption layer. The infrared spectra of PMMA before (blue) and after (red) its interactions with the aluminum oxide surface. The comparison between the two spectra reveals several changes, (a) the decrease in the absorbance of the 2950 cm -1 peak, which corresponds to the hydrolysis of some of the methoxy groups in the adsorbed PMMA, (b) a relative increase of the 1687 cm -1 peak as compared to the 1734 cm -1 carbonyl peak, which corresponds to the asymmetric stretch of the COO -groups, and (c) a reversal of the relative intensities of the 1156 and 1171 cm -1 infrared absorption bands, which corresponds to the cooperative symmetric and asymmetric stretches of the C-O and C-C bonds of the polymer backbone, indicating changes in the conformation of the polymer chains upon adsorption. Figure 2 . Schematic representation of the polymer chains adsorbed from a semidilute solution onto a spherical particle with radius R. The chains of the adsorbed polymers form two adsorption shells, (a) a layer with a width L that has a constant radial distribution of monomers; we will refer to this shell as the "adsorption shell" and (b) a layer with a width L 0 in which the concentration of the monomers decreases from the adsorption concentration on the inner sphere to the bulk concentration on the outer shell. This is referred to as the "depletion shell".
Anchors
Chain
First, we adopt the conventional form of the confinement energy of a polymer in a good solvent,
where R f )N 3/5 a is the gyration radius of the polymer in a good solution, [23] [24] [25] N is the number of monomers in a polymer, and a is the monomer size. This expression is deduced via scaling arguments, where it is assumed that the confinement energy of a polymer scales with N. The same expression was used to express the free energy of a polymer in solution next to an adsorbing sphere. 1 The total number of adsorbed monomers on a sphere of radius R is N c ) 4π(R 2 /a 2 )φ s , where φ s is the volume fraction of the monomers next to the surface of the sphere. Substituting these results into the expression for the adsorption free energy gives where n is the number of the polymers adsorbed onto the sphere.
Αsumming that the volume fraction is constant in the adsorption layer, φ s can be expressed as a function of the width of the adsorption layer For a particle where R . L (small curvature), the denominator simplifies to 12πR 2 L, and the free energy is To simplify the model, we are assuming that the surface concentration term is correlated with the geometry and with the adsorption strength better than the other variables in the problem. In the next section, we will use the experimental results to extend the model to include also the variability in the number of polymers adsorbed onto the surface.
According to this simplification, the volume fraction of the monomers next to the surface can be found by minimization of the energy with respect to φ s to give the following This expression shows the predicted 3/2 power law dependence of the volume fraction on the adsorption constant δ. [23] [24] [25] Using the same arguments in the case of particles with high curvature, R , L, we obtain The resulting equilibrium coverage volume fraction increases when the adsorption constant decreases. This conclusion seems to be counterintuitive. In the low coverage region, we can expect that the coverage will increase with the adsorption strength. This result seems to indicate that the model has to be altered in order to accommodate the effect of the curvature of the adsorbing particle.
We will argue that the above model (eqs 7 and 8) should be modified in a manner that emerges from the difference in geometry. First, the conformational energy term might be geometry dependent. Second, the number of polymers adsorbed on a single particle, n, might show a nontrivial dependence on the adsorbing particle geometry.
As for the confinement energy term, it was shown by Sakaue and Raphael 8 that the expression for the energy of a particle confined in a cylinder or in a slit is substantially different than that for a polymer confined in a sphere. In the general case, a polymer confined in one or two dimensions has different confinement energy than that of a polymer which is confined in three dimensions. 8, 29, 30 The argument for this difference in behavior is that while in the slit and in the cylinder an increase of the polymer length does not change the volume fraction of the confined polymer, inside of a sphere, the same change will cause the volume fraction to increase. To get the correct expression for the energy of a polymer confined inside of a sphere, we have to take into consideration that the volume of the polymer scales as the polymer length, and hence, the pressure (P ) -∆F/∆V) is constant when the length and the volume of the polymer scale in the same manner. On the basis of this scaling argument, the thermally normalized free energy of polymers in a good solvent confined inside a sphere of radius L is
The second equality is deduced from eq 8 by introducing the condition that L . R, which is the case when the particles are very small (i.e., the surface curvature is very high). This expression is substantially different than the confinement free energy result we used in eq 7.
We have used the equivalence hypothesis for the confinement energy of the polymers to get the free energy in the adsorption layer next to a small sphere Minimizing the free energy with respect to the volume fraction on the surface then gives the following expression Here, the surface volume fraction of the polymer increases with δ, as should be expected. We would like to remark that this expression would be altered significantly in the case of a theta solvent. For this case, the power of δ and of (1/nN) in eq 14 will be changed from 4 to 1. Such a modification of the surface concentration should be noticeable in an appropriate experiment.
Thus far, we have only considered possible modification to the model via alterations to the confined energy term in eq 9. Additional changes in the adsorption might accrue if the variables of the model have an explicit dependency on the geometry of the adsorbing metal particles or on the adsorption strength. For example, the number of the polymers adsorbed to a sphere of radius R should be proportional to the sphere area or to R 2 in the trivial case in which the adsorption process is curvature independent. More complicated curvature dependency can be expected 26 and will contribute to the modification of the results for adsorption on small particles. The experiment that we are presenting was designed to check the geometric dependency of the density parameters in the adsorption layer and on the particle surface.
Results and Discussion
Two different characterization methods have yielded two types of experimental data: (a) The number of anchoring points
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D J. Phys. Chem. C Hershkovits et al.
(i.e., surface-bound monomers) per polymer chain adsorbed on the cluster surface was obtained from FTIR experiments according to eq 5, as shown in Figure 3 and (b) the number of adsorbed polymer chains per unit area of cluster surface (in units of nm 2 ), η, was obtained from TGA experiments according to eq 6, as shown in Figure 4 . The combination of these two independent experiments yielded the density of the number of anchoring points per unit area of cluster surface (in units of nm 2 ), σ, and is shown in Figure 5 . These latter two parameters can be related to each other with the formula where σ is the number of monomers anchored to the metal surface per nm 2 , a is the lattice dimension or the typical PMMA monomer, which is approximately 0.5 nm, R is the average radius of the metallic spherical nanoparticle, N is the polymer length (i.e., the number of segments), η is the number of polymers adsorbed per nm 2 of the metallic particle surface, and L is the thickness of the polymers adsorption layer. Within this layer, the concentration of monomers is assumed to be almost constant. The planar concentration of monomers in the adsorption layer, Γ (Γ ) ηN), does not depend on the polymer length, only on the metallic cluster radius, as shown in Table 1 .
When the thickness of the adsorption layer is much smaller than the cluster radius, that is, L/R , 1, eq 15 simplifies to the following expression, σ ) aηN/L. From this, we get the expression for the adsorption layer width for polymers with degree of polymerization N We set M ) 3300 (corresponding to a molecular weight of 330 000 g/mol) to be a polymer length where the behavior of the polymer is close to that of an infinitely long polymer (N f ∞). The first observation is that L (3300) converges to a constant when we increase the metal cluster radius, and the experimental limit is L ) 9 nm. When we substitute the values from Figures 3 and 4 into eq 16, we can get ∆L as a function of N and R. The results are summarized in Table 2 . As can be seen, ∆L (N) is proportional to 1/N. This behavior agrees with the relevant theoretical prediction. 1,45 a This correction gives the difference between the widths of the adsorption layer for a polymer with finite length and a polymer with infinite length. The experimental value of M ) 3300 (corresponding to M w of 330 000 g/mol) already gives a result that is close to the case with an infinite degree of polymerization.
An interesting observation that follows from the experimental result is that both planar densities σ and η scale with the curvature 1/R, as shown in Table 3 . This scaling emerges from the fact that the adsorption of polymer chains on surfaces which are not flat is inherently influenced by geometric constraints. To see this, we schematically describe the adsorption on a flat surface, shown in Figure 6 , versus adsorption onto a spherical surface, shown in Figure 7 . On the flat surface, the monomer concentration, φ s , is approximately constant in the adsorption layer. Then, the concentration decreases down to the distance L 0 , at which distance it becomes equal to the bulk concentration φ b . The adsorption energy per unit of surface is responsible for the concentration gradient. While this is straightforward for the planar geometry, in the spherical geometry, there is an additional decrease in the density of the polymer chains (coils) that is inversely proportional to the difference between the area of the cluster and that of the larger sphere in which the bulk adsorbed concentration is achieved. This difference is A (R+L0) -A (R) ≈ (dA (R) /dr) ≈ R when L 0 is sufficiently small. Hence, the same adsorption energy can support a smaller concentration gradient along L 0 , and this term scales with the curvature 1/R. This is true for L 0 , which we assume to be of the same order of L for smaller cluster radii.
We can now extract the adsorption strength from the parameters that were measured in the experiment. To see this, we have to write the explicit expression of the free energy of the adsorbed monomers. We employ the expression that was devised for a semidilute polymer solution in a good solvent for a weak monomer adsorption [23] [24] [25] where f c is the free energy of the monomers normalized by the thermal energy, R f is the Flory radius of the polymer, R f ) aN 3/5 , and δ is the strength of the interaction between the alumina and the PMMA monomers, normalized by the thermal energy as well.
Substituting the expression we have developed for L in eq 16 into eq 17, we derive To get a minimum for the free energy as a function of the concentration, we differentiate eq 18 with respect to the density and set the result to zero, obtaining the following From this expression, we can extract the adsorption strength Substituting the parameters that were generated by the experimental data into eq 20, we find that δ ) 0.1. When we multiply this value by the thermal energy (at room temperature), we find that δ ≈ 0.05 J. This value for the adsorption energy is well within the weak adsorption limit and is consistent with the assumptions that we have made.
Conclusions
Our experimental results in conjunction with the theoretical approach that we have developed have allowed us to establish three different regimes of adsorption of polymer chains onto the surfaces of metal nanoparticles: (a) Large clusters: When the cluster radius is much larger than the radius of gyration of the polymer, the adsorption is similar to adsorption on a flat metal surface. (b) Medium clusters: When the cluster size is on the order of magnitude of the radius of gyration of the Figure 6 . Schematic representation of polymer adsorption on a flat surface. The minimal coil size between two adjacent anchoring points defines the width of the adsorption layer L. The concentration of the monomer in this layer, φs, is constant. The longer the coils are, the less abundant they will be in the proximity of the surface, and hence, the concentration of the monomers will decrease from φ s at a distance L from the surface to the bulk concentration φb at a distance L0 from the surface.
-δσ (17) Figure 7 . Schematic representation of polymer adsorption on a small spherical particle. For a spherical surface, the depletion in the monomer concentration will have a stronger gradient from the adsorption concentration to the bulk concentration because the farther the coils are from the surface, the larger the distance between them will be. The only way to reduce this gradient is to reduce the density of the adsorbed monomers. This can be achieved if the adsorbed polymers will be further stretched outward away from the adsorbing particles, thus reducing the density of the adsorbed monomers as much as possible. Hence, for adsorbing particles with very small R, the depletion width L 0 becomes smaller than the width of the adsorption layer L. Nonanchored (physisorbed) polymer chains will penetrate into the depletion layer to equilibrate the density in the proximity of the surface to the densities in the bulk, without actually adsorbing to the surface, rendering this process highly dynamic. 
F J. Phys. Chem. Cpolymer, geometrical constraints force the scaling of the adsorbed monomer densities with the curvature. In this case, the thickness of the adsorbed polymer layer is similar to the thickness of the adsorbed layer on a flat surface. (c) Small clusters: When the radius of the cluster is on the same order of magnitude as the thickness of the adsorbed layer, the curvature is too large to support an energy gradient between the adsorbed layer and the bulk. As a result, the adsorbed polymer chains will extend outwardly from the surface of the cluster in order to decrease the density gradient. This will impose an upper bound of unity on the number of anchoring points per polymer chain per cluster. It will also cause a penetration of nonadsorbed polymer chains into the adsorption layer ( Figure 7) . The clusters will therefore be enveloped by a mixture of adsorbed polymer chains that extend outward into the solution and entangled polymer chains from the solution. These results have important implications regarding the synthesis avenues and the potential enhancement of the properties of nanocomposite materials, in which nanoscale metallic particles are embedded in polymer matrices. We have shown, in this work, that the morphology of the interfacial region between the nanoparticles and the adsorbed polymer layer is strongly dependent on the size of the nanoparticles and the relationship between this size and the thickness of the adsorbed layer. Hence, since the interface in nanocomposites is the region that facilitates the transport of energy across the material, its morphology will play a crucial role in the extent of property enhancement that we can expect.
